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the  U.  S.  Air  Force  study  of  the  delayed  effects  of  single,  total  body  exposures  to  simu¬ 
lated  space  radiation  in  rhesus  monkeys  is  now  in  its  21st  year.  Observations  on  301 
irradiated  and  57  age-matched  control  animals  indicate  that  life  expectancy  loss  from 
exposure  to  protons  in  the  energy  range  encountered  in  the  Van  Allen  belts  and  solar  proton 
events  can  be  expressed  as  a  logarithmic  function  of  the  dose.  The  primary  causes  of  life 
shortening  are  cancer  and  endometriosis  (an  abnormal  proliferation  of  the  lining  of  the 
uterus  in  females).  Life  shortening  estimates  permit  comparison  of  the  risk  associated  with 
space  radiation  exposures  to  be  compared  with  that  of  other  occupational  and  environmental 
hazards,  thereby  facilitating  risk/benefit  decisions  in  the  planning  and  operational  phases 
of  manned  space  missions.  Calculations  of  the  relative  risk  of  fatal  cancers  in  the  irra¬ 
diated  subjects  reveal  that  the  total  body  surface  dose  required  to  double  the  risk  of 
death  from  cancer  over  a  20-year  post  exposure  period  varies  with  the  linear  energy  trans¬ 
fer  (LET)  of  the  radiation.  The  ability  to  determine  the  integrated  dose  and  LET  spectrum 
in  space  radiation  exposures  of  humans  is,  therefore,  critical  to  the  assessment  of  life¬ 
time  cancer  risk.  £  ^  ( 

INTRODUCTION 


The  studv  of  the  lifetime  effects  of  space  radiation  on  rhesus  monkeys — a  study  initiated 
in  196k  and  still  in  progress  at  the  School  of  Aerospace  Medicine — remains  the  sole  source 
of  controlled  experimental  data  on  the  lifetime  effects  of  total  body  proton  irradiation  in 
a  long-lived  animal  species.  Adolescent  rhesus  monkeys  of  similar  age  and  both  sexes  were 
exposed  to  single,  total  body  doses  of  one  of  several  types  and  energies  of  radiation. 
Including  protons,  electrons,  and  X-rays  (Table  1). 


TABLE  1  Simulated  space  radiation  exposures  in  rhesus  monkeys 


TYPE 

ENERGY  (MEV) 

DOSE  RANGE  (RAD) 

DATE 

MALES 

FEMALES 

PROTON 

32 

280-560 

JUL  6k 

6 

6 

PROTON 

55 

25-600 

APR  65 

50 

22 

PROTON 

138 

210-650 

JAN  65 

19 

13 

PROTON 

k00 

50-600 

MAR  65 

28 

27 

PROTON 

2300 

56-560 

OCT  65 

• 

21 

25 

X-RAY 

2 

kk6-7l6 

MAR  6k 

15 

17 

ELECTRON 

2 

900-1500 

NOV  69 

5 

7 

ELECTRON 

1.6 

1000-1500 

MAY  68 

12 

0 

PROTON 

10  A  100 

300-1200 

APR  69 

17 

11 

<9»1  > 


Of  particular  Importance  are  the  protons,  which  represent  the  most  significant  hasard  in 
solar  particle  events.  The  availability  of  controlled  data  on  proton  irradiation  in  a 
primate  is  valuable  in  quantifying  human  risk,  because  previously  published  estimates  have 
been  derived  from  populations  exposed  to  other  types  of  radiation  which  are  not  directly 
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applicable  to  rlska  from  corresponding  dosea  of  proton  irradiation.  Conversion  of  nuclear 
weapon  exposure  data  to  spaoe  radiation  risk  eetleates  requires  the  use  of  eetleated  qual¬ 
ity  factors  to  oorreot  for  the  relative  blologloal  effectiveness  of  the  radiations  in¬ 
volved.  The  sieulatlon  of  spaoe  radiation  theoretloally  alternates  the  requirement  for  a 
quality  factor,  and  the  non-huaan  primate  nodal  reduces  the  woortalnty  of  extrapolation  of 
^the  animal  data  to  hunans.  The  expoaire  conditions  have  been  described  in  other  reports 

v 

-  *  4  ;  *  ' 

-The-  data  upon  which  our  estimates  are  baaed  are  oomplled  from  continuous  observations  on 
t/,  — '  SM.-irr abated  animals  and  57  age-matched  nonirradlated  oontrola.  The  existence  of  a 
;  relatively  "large  '  control  population  permits  estimates  of  the  life  expectancy  loss  and 
*•  i*etttJve:  nisk  of  harmful  effects  associated  with  single  expoeires  to  various  doses  of  eaoh 
type  office  radiation.  The  precision  of  these  estimates  la  often  low,  because  of  small 
i  Initial  populations  in  some  (p-oups;  but,  over  a  20-year  Interval,  some  significant  findings 

5  ‘  have  emerged. 

LIFE  EXPECTANCY  LOSS 

Loss  of  life  expectancy  Is  a  common  parameter  by  which  the  risk  associated  with  hazardous 
activity  is  evaluated.  Individual  risk  factors  with  identical  life  expectancy  loss  may  not 
have  the  same  acceptability  due  to  other  considerations,  but  life  expectancy  reduction  is  a 
helpful  criterion  In  making  rlak/beneflt  decisions  for  operations  in  a  hazardous  environ¬ 
ment.  Illustrated  in  Figure  1  is  the  survival  probability  of  the  control  and  irradiated 
populations  of  monkeys  over  a  20-year  period.  The  irradiated  subjects  are  dying  faster 
than  the  controls  and  their  curve  falls  below  the  951  confidence  Interval  of  the  oontrola 
at  approximately  11  years  post-irradiation. 


Fig.  1.  Kaplan-Neler  survival  probability  of  monkeys  exposed  to  simulated 
space  radiation.  Nonirradlated  controls  are  age-matched 

Estimates  of  the  lose  of  lire  expectancy,  calculated  by  the  Cohen-Lee  method  /10/,  have 
beam  computed  Tor  a  20-year  poet- Irradiation  interval.  The  Cohen-Lee  formula  for  estimat¬ 
ing  lire  expectancy  loss  from  a  single  factor  uses  the  death  rate  rrom  all  factors  In  a 
reference  population  as  Ita  basis  of  comparison.  To  normalise  data  rrom  referemoe  popula¬ 
tions  that  have  different  average  life  spans,  such  as  monkeys  and  luami ,  a  oorreot  1  on 
factor  based  on  the  ratio  of  the  average  lire  espeetamolee  of  the  two  populations  may  be 
used.  Par  monkey- to- human  oonversiona,  the  factor  la  2.5,  baaed  on  e  human/ mornkoy  life 
expectancy  ratio  of  75/JO.  Date  on  the  prompt  effects  of  tool  sing  radiation,  particularly 
LOyj  studies  on  rheaue  eon  he  ye  /#/ ,  suggest  that  the  two  a  pool  as  do  have  similar  goee-rr 
apbnee  relationships,  an  exoeptlon  aay  be  endometriosis ,  whloh  has  boon  a  major  oeuoe  or 
aortaltty  in  the  female  monkeys  /n/.  since  endomitrloel a  la  not  normally  a  1  lfe- threat  ew- 
ing  conditions  In  huaans,  separate  eetlmetna  excluding  the  contribution  of  endometriosis 
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wars  calculated.  Life  expectancy  loss  associated  with  proton  dose  and  energy  Is  shown  In 
Figures  2  and  3.  Calculations  are  relative  to  32-2300  HeV  controls  In  Figures  2-7,  Figures 
8-10  additionally  Include  2  HeV  X-rays  and  endoaetrlosls  in  Figure  8  Is  relative  to  all 
f sails  controls. 
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Fig.  2.  Life  expectancy  loss  based  on  aortal lty  In  the  20-year  post-irradiation 
period  in  aonkeys  expoeed  to  protons.  Dose  ranges  include  all  proton 
energies.  Open  bars  Include  all  causes  of  death.  Shaded  bars  exclude 
endoaetrlosls. 


32-a«f  SS-lcf  131-Vtf  4M-«t¥  2311-ltV 

HUM  ERCMT 


Fig.  3.  Life  expectancy  loss  relsted  to  energy  In  the  proton  exposed 
aoabeys.  energy  p-owpe  contain  all  dose  ranges.  Shaded  bars 
exclude  endoaetrlosls  as  a  oause  of  death. 

The  raatest  loan  associated  with  energy  oeetrred  in  the  aid-range ,  particularly  in  the 
W-Hed  roup.  fts  expected,  the  lire  expectancy  laps  was  directly  related  to  the  total  body 
dsas.  The  ooabiaed  effect  of  Coca  and  energy  is  lllietrated  in  flgtre  a.  The  results  re¬ 
flect  the  greater  kiolagioal  effectiveness  sf  the  H-MsV  protons  with  the  low  energy-high 
dans  osnPlnatlen  rsnnltlng  Is  a  T 3 -ninth  or  JU  Ilfs  expectancy  loss  for  a  20-year  poet- 
Irradletlon  period. 


r If.  I.  Lira  expectancy  loss  over  a  20-year  interval  related  to  both 
dose  and  energy.  Group  A:  12-55  HeV,  25-260  rad.  Group  B: 

1  38-2  300  HeV ,  23-280  rad.  Group  Ci  1  38-2  300  HeV,  J60-800  rad. 

Group  0:  12-55  HeV,  3 60 -800  rad.  Shaded  bars  exclude  endone- 

trloels  aa  a  cause  of  death. 

The  charts  In  Flgia-e  5  shoe  the  pr Inary  causes  of  death  in  the  lrradtsted  and  control 
populations.  Neoprol lferatlve  disease.  Including  tunora  and  endoaetrlosls,  account  for  a 
considerably  greater  fraction  of  the  total  deaths  In  the  irradiated  anlnals  than  lr  the 
controls.  Irradiated  subjects  also  tend  to  hsve  acre  fatal  infections. 
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Aa  demonstrated.  In  Figure  6  lira  expsotancy  loan  froa  proton  radiation,  within  the  energy 
range  anoountarad  in  apaoa,  oan  ba  fitted  to  an  exponential  cur re . 


50  ISO  250  350  450  550 

SOfFOCE  008E  (100) 


Fig.  6.  O beamed  20-year  llfa  expectancy  loan  (Ignoring  endonatrloala)  at  rour 

walghtad  Bean  doeaa  doaaa  of  proton  Irradiation  in  aonkeys.^The  curve  of 
aatlaataa  la  derived  from  leant  squares  analysis.  (yO.Obe-00^*) 

The  calculated  life  expectancy  Iona  per  unit  of  radiation  or  all  types  la  shown  in  Figure 
T.  Tula  saddle-shaped  curve  oan  be  used  to  eattaete  lire  shortening  Tram  the  doaaa  re¬ 
corded  by  passive  personal  Cos  1  net  era  where  the  type  and  energy  of  the  radiation  la  taida- 
t drained.  Note  that  for  SS-heV  protons  and  2-Ne*  X-rays  the  estlaates  are  constants  (3.6 
and  1 . 7  days  per  rad). 
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Fig.  7.  Observed  Ufa  expectancy  leas  (days  per  rad)  free  all  types  of  expsrlaantal 
radiation  in  aeaweya .  The  curve  represents  aatlaataa  calculated  by  least 
a  par  an  analysis,  (y. 000026  x?  -.02x  •  6.2) 
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RISK  or  FATAL  CANCIR 

TIth  oontrol  and  39  irradiated  anlaala  have  died  or  oanoar.  This  translates  to  an  excess 
Mortality  of  2.19  x  10“B  ratal  oanoers  per  year  rad.  We  have  expressed  annual  relative 
risk  as  the  ratio  or  the  maiber  or  oases  per  Monkey  year  in  the  irradiated  versus  oontrol 
populations.  A  value  or  one  indicates  equality  between  the  groups,  while  a  value  less  than 
one  indloatee  a  lower  incidence  In  the  Irradiated  population.  Because  the  nun bar  or  years 
at  risk  is  a  rendon  variable,  the  estiaatlon  or  oonTldenoe  Units  for  annual  relative  risk 
la  a  oonplex  problen  for  which  we  do  not  yet  have  an  answer.  The  relative  risks  for  Major 
osusea  or  death  are  oonpared  in  Figure  8.  The  errect  or  dose  and  energy  is  again  apparent. 
The  oonblnatlon  or  low  energy  and  high  dose  results  in  the  greatest  relative  risk  ror  all 
Major  causes  or  death  exoept  endoMetrlosia.  The  location  or  the  uterus  nakea  It  vulnerable 
only  to  the  deeply  penetrating  high  energy  radiations.  The  overall  Incidence  or  endonetrl- 
oeia  In  the  irradiated  aninala  le  slightly  sore  than  901,  including  non-fatal  cases,  coo¬ 
pered  to  1  *1  in  the  oontrols.  As  Indicated  In  Figure  8,  all  dose  p*oups  had  a  vaster 
susceptibility  to  endooetrlosls  than  the  oontrols  (Fischer's  exact  test,  p<.0l). 


CftVCEf  (IFCCTIM  ElOIICTtttSIS  OTREff 


Fig.  8.  Annual  relative  risk  or  death  rron  Major  causes  In  Tour  dose-energy 

conblnatlona.  Group  A:  32-99  MeV,  29-280  rad.  Group  B:  138-2300  MeV, 

29-280  rad.  Oroup  Ct  1 38-2300  MeV,  380-800  rad.  Group  D:  32-99  MeV, 

360-800  rad. 

The  relative  risk  or  cancer  death  la  also  related  to  both  dose  and  energy.  The  risk  fro* 
high  energy  radiation  Is  presented  in  Flgis'e  9.  The  estlnated  dose  to  double  the  relative 
risk  of  fatal  cancer  Is  3*2  res,  asaunlng  a  quality  factor  of  1.0  for  conversion  of  rad  to 
res.  Of  greater  interest  is  the  risk  associated  with  lower  energy  protons,  which  consti¬ 
tute  the  Majority  of  the  Van  Allen  Belt  protons  and  solar  flare  particles. 


Fig.  9.  Annual  relative  risk  sf  fatal  oanoar  observed  at  sis  weighted  Mean  doses 
of  law  LIT  (1)8-2380  MeV  proton  or  2  MeV  X-ray )  radiation  In  Monkeys.  The 
curve  of  estiMStes  fits  a  quadratic  equation.  (y«.0000l*9x2  *  ,0063s  ♦  .921) 
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Observation  of  72  an i sal a ,  exposed  to  55-MeV  protons,  revealed  that  the  dose  to  double  the 
cancer  risk  was  2*5  rad  (Fig.  10).  Although  the  rate  of  all  cancers  is  significantly  higher 
in  the  exposed  subjeots,  only  one  type  of  oancer  has  occirred  in  sufficient  masters  to 
suggest  that  it  is  associated  with  a  particular  type  of  radiation.  Nine  fatal  brain  cancers 
of  siailsr  ncrphology  (Crsde  IV  astrocytaas  or  glioblastoma  sultlforae)  have  occirred  in 
the  55-MeV  proton  foup. 


Fig.  10.  Annual  relative  risk  of  fatal  cancer  observed  at  five 

weighted  sean  doses  of  high  LET  (55-MeV)  proton  Irradiation 
in  sonkeys.  The  eatisates  best  fit  a  linear  equation. 

<y-.0092x  -  .266) 

According  to  the  United  Nations  Scientific  Cosaittee  on  the  Effects  of  Atoslc  Radiation 
(UNSCEAR)  / 12/  radiation  Induced  tumors,  with  the  exception  or  leukemia,  generally  have 
mean  latencies  of  20  years  or  greater  In  the  huaan.  One  sight  expect  this  to  be  propor¬ 
tionately  less  (35/70)  In  the  monkey.  Only  one  case  or  leukemia  has  occirred  In  the  Irra¬ 
diated  nonkey  population.  This  case  was  seen  at  Ik  months  post- Irradiation  In  a  sale 
exposed  to  100  rad  of  400  MeV  protons. 

SAFETY  CONSIDERATIONS 

The  1970  dose  llslt  tables  for  astronauts  (Table  2)  were  based  on  a  reference  dose  of  kOO 
ram  of  total  body,  prompt  (high  dose  rate)  mixed  neutron-gamma  radiation  from  nuclear 
fission . 


TABLE  2  1  970  Space  Science  board  recommendations  for  space  radiation 

exposire  Units  / 1 3/ 


CONSTRAINT 

BONE  MARROW 

SKIN 

LENS 

TESTES 

DAILY  AVERAGE 

.2  REM/DAY 

.6  REM/DAY 

.3  REM/DAY 

.1  REM/DAY 

30  day 

25  REM 

65  REM 

37  REM 

13  REM 

QUARTERLY 

35  REM 

105  REM 

52  REM 

18  REM 

YEARLY 

75  REM 

225  REM 

112  REM 

38  REM 

k00  REM 

...fega.Bg 

Recently,  the  NCRF  has  suggested  that  the  reference  may  be  too  high  by  a  factor  of  at  least 
two  /I*/.  This  Is  supported  by  oir  data  on  the  relative  risk  of  fatal  cancers  In  monkeys 
exposed  to  elmulated  spaoe  radiation.  Slnoe  the  estimated  doubling  dose  for  fatal  oanoers 
from  55-MeV  proton  Irradiation  Is  2*5  rad,  total  body  surface  dose,  a  cumulative  oareer 
dose  of  200  ram  would  seem  to  be  a  reasonable  limit  for  non-emergency  military  operations. 
Although  the  net  effeot  of  exposire  to  all  types  of  spaoe  rsdiatlon  on  cancer  lncldenoe  and 
mortality  appears  to  be  little  different  from  that  of  gamma  radiation  or  X-rays,  there  is 
ample  evldanoe  of  the  fester  biological  effectiveness  of  oertaln  components  of  the  par¬ 
ticulate  radiation  energy  spectria.  The  high  lncldenoe  of  brain  tueora  In  monkeys  exposed 
to  55-MeV  protons  Is  probably  related  to  the  energy  dlatrlbutlon  pattern  of  the  particle  in 
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the  tissue.  A  proton  with  an  incident  energy  of  55  MeV  transfers  all  of  its  energy  in  the 
first  2.5  da  of  soft  tissue  (Bragg  effect);  therefore,  a  large  population  of  cells  in  the 
cerebral  cortex  is  vulnerable  during  an  isotropic  (multi-directional)  exposure  in  space. 
Radiation  biologists  regard  cancer  as  a  stochastic,  or  non-threshold  effect.  In  other 
words,  any  exposure  to  55-MeV  protons  can  have  an  associated  brain  tumor  risk,  the  magni¬ 
tude  of  which  may  only  be  determined  by  carefully  controlled  dose-response  studies.  Accu¬ 
rate  assessment  of  the  huian  risk  from  space  radiations  of  high  biological  effectiveness 
(such  as  Bragg  effect  protons)  or  heavy  ions  (such  as  stripped  oxygen  or  iron  nuclei)  will 
require  improvements  in  crew  dosimetry  to  identify  and  Integrate  the  separate  components  of 
the  space  radiation  spectrum. 

The  Increased  risk  of  endometriosis  in  the  irradiated  female  monkeys  is  an  unusual  finding 
in  view  of  the  absence  of  any  reported  correlation  of  this  condition  with  radiation  in 
human  females.  The  lesion  in  monkeys  does  appear  to  be  morphologically  identical  to  that 
occurring  spontaneously  in  humans,  although  it  is  seldom  fatal  in  women.  Since  endometrio¬ 
sis  would  not  have  been  classified  as  a  cause  of  death  in  the  atomic  bomb  casualty  study,  a 
relationship  to  irradiation  would  not  have  been  detected  in  the  mortality  studies;  however, 
any  marked  Increase  in  endometriosis  should  be  detected  in  the  Adult  Health  Study  of  survi¬ 
vors.  Additional  work  is  required  before  oir  observations  on  monkeys  can  be  Interpreted  as 
indicating  Increased  human  risk.  Little  is  known  about  the  relative  radiosens itivlty  of 
monkey  and  human  endometrial  cells,  or  how  age  and  hormonal  state  might  affect  susceptibil¬ 
ity  to  radiation  Induced  endometriosis. 

CONCLUSIONS  AND  RECOMMEN DAT IONS 

Effective  radiation  protection  measirea  for  space  crews  require  both  the  application  of 
dose  limitation  and  the  ability  to  assess  quantitatively  the  risk  of  potentially  hazardous 
activities.  Limits  assure  that  risk  remains  within  tolerance  when  doses  can  be  forecast 
with  reasonable  certainty.  This  has  value  in  planning  crew  rotations  and  redeployment  as 
well  as  aaxlmia  career  exposures.  The  data  from  our  experimental  animal  studies,  together 
with  human  cancer  incidence  flgires  compiled  by  the  NAS -BIER  /15/  and  with  new  estimates  of 
the  doses  at  Hiroshima  and  Nagasaki  /1 6/,  argue  for  lowering  the  individual  career  bone 
marrow  exposure  limit  in  males  from  R00  to  200  rem  (Table  3).  Interim  doses  should  also  be 
scaled  down,  because  experience  by  NASA  has  shown  that  astronaut  careers  may  extend  to  at 
least  ten  years  instead  of  the  five  years  assumed  by  the  Space  Science  Board.  Until  the 
relative  susceptibility  of  human  and  monkey  females  to  radiation  Induced  endometriosis  can 
be  established,  we  recommend  that  the  maximum  career  emulative  dose  Tor  radiation — of 
sufficient  energy  to  penetrate  the  uterus — not  be  allowed  to  exceed  25  rem. 


TABLE  3  The  USAF  School  of  Aerospace  Medicine  recommendations  for  radiation 
dose  limits  in  non-emergency  military  space  operations  (male  crew 
members  only) 


DAILY  AVERAGE 

.01 

MONTH 

10 

QUARTER 

15 

YEAR 

25 

CAREER* 

200 

■  RELATIVE  CANCER  RISK: 

1.0  ••  1.6. 

LIFE  EXPECTANCY  LOSS:  10-25  MONTHS 


••SURFACE  DOSE  IN  AIR  (RAD) 

CHS  AND  BLOOD  FORMING  ORGAN  EXPOSURE 

In  acme  critical  missions,  risk  assessment  may  be  the  only  option.  According  to  experimen¬ 
tal  data,  both  life  shortening  and  oanoer  risk  oan  be  estimated  if  accurate  information  on 
the  type,  energy,  dose,  and  dose  rate  is  known.  Lire  expectancy  loss  provides  a  means  Ter 
assessing  radiation  risk  relative  to  other  environmental  hazards.  Within  the  dose  range  or 
50 -BOO  rad,  total  body  surfaoe  radiation,  an  average  life  expectancy  loss  Tram  all  types  of 
apses  radiation  has  been  found  to  be  2  to  5  a  on  key- days  or  5  to  12.5  person-days  per  rad. 
Assuming  a  200-rsm  career  exposure  and  i  poring  dose  rate  erf  sets  for  a  "worst  case"  esti- 
mmte  this  translates  to  an  average  life  expectancy  loss  of  1000  to  2000  days.  Equivalent 
non-radiation  he aards  are:  being  a  ooal  miner  (1100  days);  being  305  overweight  (1300 
days);  and  having  heart  disease  (2100  days).  The  risk  is  less  than  that  of  a  clgarette- 
anoking  male  (2250  days),  but  reater  than  that  of  a  clgarette-amoklng  female  (800  days) 
/10/. 
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The  association  of  brain  tumors  with  Bragg  effect  protons  emphasizes  the  Importance  of 
accurate  determination  of  the  cype  and  linear  energy  transfer  spectrum  of  the  radiation  In 
assessing  the  risk  of  delayed  effects.  These  measurements  are  also  important  in  evaluating 
the  threat  from  the  heavy  Ion  component  of  galactic  cosmic  radiation.  The  lack  of  informa¬ 
tion  on  the  physiological  and  behavioral  effects  of  heavy  ions  is  a  major  void  in  our 
understanding  of  the  space  radiation  threat.  When  the  contribution  of  these  heavy  ions  to 
the  radiation  environment  is  determined,  realistic  ground-based  simulations  can  be  conducted 
to  evaluate  their  potential  for  undesirable  late  effects. 
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